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INTRODUCTION
Glioblastoma (GBM) is the most frequent primary malignant brain tumor and is one of the most aggressive neoplasms among the human cancers [1] . It is characterized by dismal prognosis with median survival of 16-19 months despite multimodal treatment including surgical resection followed by combined radiochemotherapy [2] . In spite of enormous efforts towards understanding the molecular basis of the disease and the development of novel therapeutic strategies, only limited advances have been achieved and there is a pressing need to identify proteins and signalling pathways that can serve as new targets for an improved treatment of GBM. The identification of brain tumour stem-like cells [3] , in both adult and pediatric malignant gliomas, has provided new insights into the biology of malignant glial tumours rendering these cells a potentially valuable therapeutic target. Indeed, a major drawback in the treatment of GBM is its resistance against standard therapeutic approaches, and current data attribute the resistance against both γ-irradiation and chemotherapeutic alkylating agent Temozolomide to the cancer stem cells [4] . Therefore, therapeutic targets in glioma-initiating stem cells (GSCc) are a focus of increasing interest to improve the GBM outcome.
Systematic gene expression and sequencing of GBM (WHO grade IV gliomas) have revealed a great heterogeneity of this disease with at least two major tumor subgroups (proneural and mesenchymal) and two other intermediate possible groups (classical/proliferative and neural) [5] [6] [7] . Among them, the proneural subtype is characterized by a stem-like signature and cells with a full stem phenotype [8] , TP53 mutations and unresponsiveness to aggressive chemo-and radio-treatments [7] .
All normal tissues host a small population of stem cells. These are "initiating cells' with the unique ability to proliferate and differentiate into a variety of other cells depending on the tissue in which they are located in the body. In the brain, neogenesis of mature cells persists throughout adult life within discrete regions, primarily in the dentate gyrus of the hippocampus and in the subventricular zone of the forebrain lateral ventricles. The emerging hypothesis is that alterations in the cellular and genetic mechanisms that control adult neurogenesis might contribute to brain tumorigenesis. The main implication of continued adult neurogenesis is the presence of undifferentiated, mitotically active stem and progenitor cells within discrete regions of the mature brain. These populations might function as a source of cells for transformation, giving rise to GSCs [9] . Despite the stem cell population within a tumour represents a minor subpopulation (only 2% of cancer cells), it is responsible for tumor maintenance and progression, and it phenocopies the original tumour in rodent xenograft models. Depletion of the cancer stem cell population greatly impairs the potential of the bulk tumours to initiate xenograft tumour formation and leads to prolonged survival of tumour-bearing mice [10] . While the suitability of GSCs as therapeutic targets has been recently validated in vivo [11] , the molecular signalling pathways orchestrating the biology of GSCs, as well as of the other cancer stem cells, remain to be elucidated.
It has been recently shown that the C2H2 zinc finger protein PATZ1 (POZ, AT-hook and Zinc-finger 1) is an important regulator of pluripotency in embryonic stem cells, directly involved in the regulation of pluripotency master genes, such as Pou5f1 and Nanog, which together with Sox2 are necessary for maintaining self renewal and pluripotency [12] . A PATZ1 role in neural stem cells has also been suggested by our previous studies showing it is highly expressed in actively proliferating neuroblasts of the periventricular and subventricular neocortical neuroepithelium, and Patz1-knockout mice have proliferative defects of the subventricular zone [13] . PATZ1 is a member of the POK (POZ and kruppel-like zinc finger) family, a unique group of transcription factors playing key roles in development and cancer through their involvement in a variety of cellular processes, including cell proliferation, senescence and apoptosis [14] . PATZ1 itself has been implicated in all these processes [13, [15] [16] [17] [18] [19] [20] . In addition, several studies indicate a role of PATZ1 in carcinogenesis, sometimes working as a tumour suppressor and sometimes as an oncogene, depending on the cellular context [16] [17] [18] [19] [20] [21] [22] [23] . In human brain tumour cells PATZ1 has been found to be included in the SOX2-interactome [24] , and targeting of PATZ1 by siRNA in human GBM cell lines resistant to conventional chemotherapy, increases their sensitivity to apoptotic stimuli [17] .
Here we characterized the expression of PATZ1 in human gliomas showing it is overexpressed compared to normal brain and is significantly enriched in the proneural GBM subtype, where it behaves as a valuable prognostic marker. We also show that PATZ1 protein in GBM colocalizes with stem cell markers, is increased in GBMderived stem cells compared with tumor differentiated cells, and correlates with the capacity of these cells to grow as spheres. Finally, we show that in GBM and GBMderived cells PATZ1 expression negatively correlates with the expression of the G-protein coupled receptor and mesenchyme inducer CXCR4, suggesting a role of PATZ1 in suppressing the mesenchymal subtype.
RESULTS

PATZ1 is expressed in human gliomas and is enriched in the proneural subtype
Using paraffin embedded sections generated from surgical specimens collected at the Department of Advanced Biomedical Sciences, Pathology Section, of the University of Naples Federico II, we analysed by immunohistochemistry PATZ1 expression in 45 grade IV GBM, 22 oligodendrogliomas (10 grade III and 12 grade II) and 26 perilesional normal brain parenchymas. Of 45 GBM patients included in the study, 30 were males and 15 females, aged between 26 and 81 years. The lesion was mainly localized in the temporal lobe in 22 cases, parietal in 11 cases, frontal in 9 cases, occipital in 2 cases and 1 in the corpus callosum (Supplementary Table 1) . Of 22 oligodendroglioma patients 15 were males and 7 females, aging from 22 to 69 years. 14 cases were frontal, 4 temporal, 3 occipital and 1 was an intramedullary metastasis (Supplementary Table 2 ).
We have observed that PATZ1 protein is expressed in neurons (mainly in the nucleus) but not in glial cells of all perilesional normal brain tissues ( Figure 1A ), whereas it is expressed in a high percentage of GBM (69%) with a main nuclear, but sometimes cytoplasmic localization ( Figure  1B Table 2 ). Among positive samples, PATZ1 immunoreactivity was variable in both GBM and oligodendrogliomas, including samples scored + (< 10%), ++ (>10% <50%), +++ (≥ 50%). Of 31 GBM positive for PATZ1 staining, 17 displayed +, 9 ++ and 5 +++ score (Figure 2A-2D, Supplementary Table 1 ). Among the 12 oligodendrogliomas expressing PATZ1, 4 cases had +, 5 ++ and 3 +++ score (Figure 2E-2H, Supplementary  Table 2 ). Among the assessed clinicopathological features of GBM (age, gender, site), a high significant correlation and a trend to be correlated with PATZ1 expression was present in the male gender (p = 0.0028) and younger patients (p = 0.0695), respectively. Moreover, a statistically significant correlation was observed between PATZ1 immunoreactivity and grading (p = 0.0286) in oligodendrogliomas (Table 1) .
By analysing public datasets through the R2: genomic Analysis and Visualization platform (http:// r2.amc.nl), we confirmed in an independent sample cohort of 6 adult non diseased brains, 26 GBMs and 21 oligodendrogliomas [25] that PATZ1 is significantly more expressed in gliomas (including GBMs and oligodendrogliomas) compared to non diseased brain samples ( Figure 3A) . Moreover, in a data set from the Tumor Cancer Genomic Atlas (TCGA), including 85 samples, sub-classified in classical (n = 17), mesenchymal (n = 27), neural (n = 17) and proneural (n = 24) GBM, we found that PATZ1 expression specifically correlates with the molecular subtype, being highest in proneural and lowest in mesenchymal subtype, with significant differences between each subtype ( Figure 3B ). Consistently, by studying the gene signature correlated with the expression of PATZ1 in the context of GBM, we found that PATZ1 expression positively associates with proneural genes, including SOX2, OLIG2, DLL3, NOTCH1, PDGFRα and many others, while negatively associates with the mesenchymal marker CD44 and many other genes characterizing the mesenchymal signature (Table 2 and Supplementary Table 3) .
Taken together protein and gene expression data, PATZ1 is overexpressed in gliomas compared to normal glia and appears as a specific biomarker of the proneural GBM subtype.
PATZ1 is preferentially expressed in glioma stem cells
It has been recently reported that a proneurallike gene expression signature is characteristic of GSCs characterized by a full stem phenotype (Gsf lines), growth as floating spheres, CD133 expression and multipotency, while a mesenchymal-like gene expression signature is associated with GSCs characterized by a restricted stem phenotype (Gsr lines), adherent growth, no CD133 expression and limited differentiation [8, 26, 27] . Consistently, by analysing the expression profiles of the 9 GSCs and relative sub-clones isolated and characterized by Günter and colleagues (4 with Gsf phenotype and 5 with Gsr phenotype) we found that PATZ1 is significantly enriched in Gsf-GSCs compared with Gsr-GSCs ( Figure 3C ). The association of PATZ1 expression with CD133 expression was further confirmed by the analysis of two separate experimental datasets consisting of cell lines established from 7 GBMs, 2 oligoastrocytomas and 5 normal foetuses plus primary biopsies from 6 normal brains [28] , and 8 fresh primary and non cultured GBMs [29] , where PATZ1 expression is highly correlated with that of PROM1 (the gene encoding prominin-1/ CD133) ( Figure 3D ), and is significantly enriched in the CD133+ compared to the CD133-subpopulation ( Figure 3E ). Consistently, in these cells lines PATZ1 also correlates with markers of oligodendrocyte precursor cells, including SOX8, OLIG1, OLIG2, and NKX2.2, and of the proneural phenotype, such as DLL3, OLIG2 and SOX2 (Supplementary Table 4 ). All together these results indicate that PATZ1 is preferentially expressed in GSCs in comparison with matched non-GSCs, and is particularly enriched in proneural versus mesenchymal subtype.
To validate the in silico results, we analyzed PATZ1 expression in 6 GSCs (3 growing in adhesion and 3 growing as spheres in laminin-coated dishes) isolated from patients affected by GBM in comparison with matched non-stem tumor cells ( Figure 4A ). The results confirmed an enriched expression of PATZ1 in stem versus non-stem matched samples (P < 0.05; Figure 4B ). The differences do not reach the statistical significance if we consider each group (sphere forming and growing in adhesion GSCs) singularly, likely because of the low number of samples, but they have a trend to be higher in GSCs compared to matched non-stem tumor cells (data not shown). Moreover, PATZ1 expression was also analyzed in 5 more GBM-derived GSCs, for a total of 11 GSCs, which were sub-divided in two groups on the basis of their growth capacity in laminin-coated dishes (sphere/adherent). As shown in Figure 4C , and consistently with data shown in Figure 3C , PATZ1 expression was highly enriched in GSCs growing as spheres compared to GSCs growing adherent (P < 0.01). All isolated GSCs, independently from their modality to grow in laminin-coated dishes, expressed markers of stemness, as confirmed by immunofluorescence analysis (Figure 4D ), at higher levels compared with matched DIFF cells (data not shown). Immunofluorescence analysis confirmed expression of PATZ1 in GSC growing either as spheres or in adhesion and their colocalization with the stemness marker Nestin ( Figure 4E and data not shown). PATZ1 expression here appears mainly nuclear but a speckled cytosolic expression can be observed as previously described in other cancer cell types [20] [21] [22] .
We also used the GBM cell lines U87MG to isolate GSC and analyze PATZ1 expression in comparison with matched bulk and differentiated cells (Supplementary Figure 1) . PATZ1 protein expression resulted enriched in a All the genes belong to either the proneural or mesenchymal signatures as described by Verhaak et al. [7] . 
β (PDGFRβ), a stem cell-specific marker in human GBM [30] .
To further confirm in vivo the association of PATZ1 with the stem cell compartment of the GBM, we performed immunofluorescence labeling with antibodies anti-PATZ1 and GSC markers, including NESTIN and OCT-4, in 5 GBMs positive for PATZ1 expression. As shown in Figure 5 , PATZ1 (red nuclear signal) was coexpressed with NESTIN (green cytoplasmic signal) in a sub-population of neoplastic cells. In these cells co-localization of OCT-4 (green nuclear signal) with PATZ1 was also evident.
PATZ1 expression levels predict survival of GBM patients
The proneural GBM subtype is characterized by a trend toward longer survival, but is totally unresponsive to aggressive treatment with concurrent chemo-and radiotherapy [7] . Consistent with the enrichment of PATZ1 in the proneural subtype, we showed in our local cohort of gliomas, that patients with low PATZ1 score (0/+) had a worse overall survival (OS) than patients with high PATZ1 score (++/+++) (HR = 2.525, 95% CI = 1.208-5.280, p = 0.0138) ( Figure 6A ). The median OS for 16 patients with high PATZ1 was 36 months, in contrast to 12 months for 28 patients with low or absent PATZ1. Similarly, when we extended survival analyses to a larger cohort of GBM samples (n = 85), in which all subtypes were similarly represented (GBM -TCGA -540), both OS and progression-free survival (PFS) were significantly correlated to PATZ1 expression, being worse in patients expressing low levels of PATZ1 (Supplementary Figure  2) . In this same cohort of samples proneural GBMs have longer survival compared with mesenchymal subtype (Supplementary Figure 2, Panel C) . Interestingly, also when we restricted the analysis to the proneural subset of GBM, Kaplan-Meier survival curves, followed by logrank test, showed that PATZ1 expression stratifies these patients (n = 24) in two statistically different subgroups where low PATZ1 has worse OS (HR = 3.191, 95% CI = 2.355-14.31, p = 0.001) and PFS (HR = 3.595, 95% CI = 2.785-19.06, p = 0.0006) ( Figure 6B-6C) . The median OS for 10 patients with high PATZ1 expression was 53 months, in contrast to 10 months for 14 patients with low PATZ1. Even more strikingly, the median PFS for patients with high PATZ1 was 63 months versus 6 months for patients with low PATZ1. Moreover, the 5-year PFS was about 40% for proneural GBM patients with high PATZ1 versus 0 with low PATZ1. In the same group of patients, using a multivariate Cox regression analysis, including known prognostic factors, such as age at diagnosis and methylation of the MGMT gene, low expression of PATZ1 resulted an independent prognostic factor for OS survival (HR= 0.2886, 95% CI = 0.0982-0.8482, p = 0.0246) and PFS (HR = 0.2458, 95% CI = 0.0802-0.7534, p = 0.0146).
These data suggest that PATZ1 expression has a crucial impact on outcome of GBM patients with a proneural classification, and could be used as an independent prognostic marker to predict survival and response to treatment.
PATZ1 downregulates CXCR4 expression in GBM
Remarkably, low PATZ1 samples shown in Figure  6B and 6C were mostly characterized (11 out of 14) by increased expression of the G-protein coupled receptor CXCR4 (Supplementary Table 5 ), which has been shown to induce and assist in the maintenance of a mesenchymal expression profile in GBM cells [31] and is overexpressed in CD133+ cells from human GBMs resistant to chemotherapy [32] . Indeed, we found that CXCR4 was a high significant prognostic and predictive factor in proneural GBM, were high CXCR4 patients show worse outcome considering both OS and PFS survival curves ( Figure 7A-7B) , and negatively correlated with PATZ1 in these patients (r = -0.449; p = 0.03) ( Figure 7C) . A similar negative correlation between PATZ1 and CXCR4 was also observed in GSCs (Supplementary Figure 3) . In order to investigate a possible role of PATZ1 in downregulating CXCR4 gene expression in GBM cells, we transiently transfected the VS-GB cells, a GBMderived primary cell line that does not express PATZ1, with a plasmid expressing PATZ1, and measured CXCR4 mRNA and protein levels by qRT-PCR and western blot, respectively ( Figure 7D) . A significant decrease of both mRNA and protein levels was observed in cells expressing PATZ1 compared to empty vector-transfected control, supporting an inhibitory role of PATZ1 on CXCR4 expression. This is consistent with data extracted from the Trafac homology server, showing that the CXCR4 promoter harbor consensus sequence for PATZ1 [33] , and with data extracted from our previous analysis of Patz1-knockout mouse embryonic fibroblasts [34] , showing that Patz1-null mouse embryonic fibroblasts express a 4-fold change increase of Cxcr4 compared to wild-type littermate controls.
DISCUSSION
One of the most important hallmarks of GBM is the marked heterogeneity within and across these tumors, which has been attributed to cancer cell plasticity [35] . According to the cancer stem-cell model some cancers are organized into a hierarchy of subpopulations of tumorigenic cancer stem cells, which drive tumor growth, therapy resistance and disease progression. It is therefore imperative to clarify the markers that can be used to identify these cells and the context in which they work [36] . It has been recently proposed that patient-derived glioblastoma stem-like cells (GSCs) can be sub-divided in two main groups, one characterized by a proneural-like phenotype and the other showing a mesenchymal-like phenotype according to the molecular subtype classification of the TCGA [7] [8] . Phenotypically, proneural GSCs exhibit non-adherent sphere forming growth in vitro and circumscribed, non-invasive growth in vivo. In contrast, mesenchymal cells grow semiadherently in vitro and show invasive growth in vivo [8, 37] . Accordingly, patients with proneural GBM have a Figure 4B . Note that patients with lower PATZ1 expression have a worse survival rate than patients with higher PATZ1 as assessed by log-rank test.
trend toward longer survival [7] , whereas patients with mesenchymal GBM show the worst outcome [38] .
In this study we analyzed expression of the Kruppel-type Zinc Finger transcription factor PATZ1 in GBM and oligodedrogliomas, finding it was highly expressed in a significant number of cases, whereas it was undetectable in normal glia. Moreover, we showed that PATZ1 is expressed in GSCs both in vitro (in GBMderived stem cells) and in vivo (human tissue specimens), is downregulated in differentiated cells from the same tumor as compared to GSCs, and its expression is higher in GSCs growing as spheres (likely proneural) than in GSCs growing as adherent cells (likely mesenchymal). These observations were validated and completed in independent glioma datasets, finding a significant overlap of high PATZ1 expression with the proneural subtype and conversely of low PATZ1 expression with the mesenchymal subtype in both GBMs and GSCs. Since PATZ1 has been described as an inhibitor of cell proliferation in some cancer cell contexts [13, 20, 39] , we would expect that GSCs growing as spheres that express higher levels of PATZ1 compared to GSCs growing in adhesion may proliferate less. However, since there are no differences in the proliferation rate between GSCs growing as spheres and those growing as adherent cells [26] , we concluded that PATZ1 is not associated with proliferation in these cells. Interestingly, confocal microscopy analysis of human GBM specimens showed that PATZ1 was expressed in the NESTIN+ subpopulation, which has been recently shown to be crucial for tumor recurrence after treatment with the chemotherapeutic agent temozolomide [10] .
Finally, we characterized the prognostic impact of PATZ1 expression first in our local cases of GBM, 
nl). (D)
VS-GB cells were transiently transfected with 10 μg PATZ1 expressing plasmid, and endogenous CXCR4 mRNA was measured 48h later by qRT-PCR. CXCR4 mRNA levels were normalized for endogenous β-actin levels. The mean ± SE of three independent experiments, each in duplicate, is reported. ***, P = 0.001. PATZ1 and CXCR4 protein expression is shown on the top by western blot analysis, using vinculin detection as a loading control. Densitometric analysis by Image J software was applied: relative expression levels of CXCR4, compared to empty vector-transfected control and normalized with respect to vinculin, are indicated on the top of the blot.
finding a significant worse outcome in patients showing absent or low levels of PATZ1 (< 10% positive cells), suggesting it may be used as a prognostic marker. Then, extending the analysis to the TCGA dataset, including samples subclassified in the four subtypes described by Verhaak et al. [7] , the capacity of PATZ1 to discriminate GBM patients with different prognosis was significantly shown also in the proneural subtype, where low levels of PATZ1 correlate with worse outcome in both overall and progression-free survival curves, independently from other known prognostic factors, such as MGMT promoter methylation and age at diagnosis. Therefore, despite PATZ1 is enriched in the proneural subtype, there are proneural GBMs that express low levels of PATZ1 that are associated with a shorter patients survival. This is consistent with the already described intra-subtype heterogeneity of GBMs, which highlights the importance of finding new markers able to further sub-classify each subtype [35] .
Since PATZ1 loss/downregulation has been associated with the acquisition of a mesenchymal phenotype in cancer cells [20] , and the mesenchymal phenotype in GBMs is associated with the poorest prognosis and most aggressive phenotype, with advantage in proliferative capacity and neovascularization [5, 38] , we speculate that a subset of proneural GBMs may be more aggressive due to the downregulation of PATZ1 and consequent activation of a mesenchymal program. Consistent with this hypothesis, we found that in the proneural subset there was a 75% of negative concordance (r = -0.44; p = 0.03) between PATZ1 and CXCR4, whose overexpression is an outcome common to multiple mechanisms of Epithelial-Mesenchymal Transition (EMT) induction in GBM and directly involved in determining the EMT phenotype [40] . Interestingly, according to the Trafac homology server, the CXCR4 promoter harbors consensus sequence for PATZ1 [33] , and Patz1-null mouse embryonic fibroblasts express a 4-fold change increase of Cxcr4 compared to wild-type littermate controls [34] . Therefore, it is possible that PATZ1 could be directly involved in CXCR4 silencing. Indeed, it has been hypothesized that factors associated with the more stem-like phenotype may account for CXCR4 expression in GBM [27] , and we provided evidence that PATZ1 could be one of these factors: in VS-GB cells, a primary GBM cell line that does not express endogenous PATZ1, overexpression of PATZ1 leads to downregulation of CXCR4. Further experiments are ongoing in our laboratory to explore the possibility of a direct role of PATZ1 on the CXCR4 promoter in GBM as well as in other cancer-derived cell lines, where PATZ1 appears involved in counteracting EMT. According to current opinions envisaging a parallel between dedifferentiation of cancer cells and reprogramming of somatic cells [41] , the transdifferentiation of tumor cells from proneural to mesenchymal may imply a reprogramming process that leads differentiated cells to reacquire the capacity to differentiate into different cells. This is consistent with our previous results showing that PATZ1 plays an inhibitory role in the reprogramming process [34] , and suggests a potential PATZ1 inhibitory role on the transition from the proneural to the mesenchymal phenotype. However, further functional experiments are needed to demonstrate the involvement of the PATZ1-CXCR4 axis in the proneural-to-mesenchymal phenotipic switch.
In conclusion, we describe PATZ1 as a novel biomarker of GBM and GSCs, differentially expressed among GBM and GSC subtypes and able to further subdivide the proneural GBM subtype in two populations with different overall and progression free survival. As PATZ1 has been proven an important transcription factor involved in stem cell pluripotency [12] , it is encouraging to see that the proneural type of GBM, characterized by a stem-like signature, has higher expression of PATZ1 compared to other types. Finally, this finding may explain the paradox that the proneural type of GBM resists standard therapeutic caused by the cancer stem cells maintained by PATZ1 involved transcription factor networks, while at the same time PATZ1 restricts the proneural type of GBM to differentiation into mesenchymal type.
MATERIALS AND METHODS
Tissue specimens 45 patients diagnosed with glioblastoma and 22 with oligodendroglioma were included in the study. They had all undergone a complete excision of the tumor at first surgery. All the cases were identified between 2004 and 2013 and the diagnoses were made in accordance with the 2007 WHO classification [42] . This time interval was chosen in order to ensure a clinical follow-up period of at least 2 years for each identified case. All the cases were reviewed to evaluate adequate representative formalinfixed paraffin-embedded tissue in order to perform immunohistochemical assay. We excluded those cases for which data of outcome were unavailable and for which diagnostic tissue was insufficient. Informed consent for the scientific use of biological material was obtained from all patients and the work has been approved by the local Ethical Committee (CEI 203/15 of 12/11/2015).
Immunohistochemical analysis
4 μm sections were used for immunohistochemistry. Sections were dewaxed in xylene, hydrated in graded series of alcohol and subjected to heat-induced antigen retrieval. After blocking endogenous peroxidase activity, the tissue was incubated with antibody anti-PATZ1 (polyclonal rabbit, R1P1 [22] ; 1: 500 dilution, overnight incubation). Subsequently, the slices were rinsed and incubated with the biotinylated secondary antibody, at room temperature, for 30 minutes. The bound antibody complexes were stained for 3-5 minutes or until appropriate for microscopic examination with diaminobenzidine, and slides were then counterstained with hematoxylin (30s) and mounted. All slices were reviewed by two experienced pathologists (M.L.D., E.G.).
The assessment of PATZ1 (nuclear) staining was based on the percentage of positive cells: no signal was set as "0", ≤10% as "+", >10% and <50% as "++" and ≥50% as "+++". We defined high expression of PATZ1 as >10% of cells staining positive, and low expression as ≤10% of cells staining positive.
Immunofluorescence and confocal microscopy
For multiple-labeling immunofluorescence, tissues slides were dewaxed, hydrated and antigen retrieval was performed using Dewax and HIER Buffer L (Thermo Fisher Scientific, Cheshire, UK) as previously described [43] . They were incubated with the mixture of two primary antibodies anti-NESTIN (mouse monoclonal, sc23927, Santa Cruz Biotechnology, Santa Cruz, CA; 1:200 dilution, 90 minutes incubation) and anti-PATZ1 (rabbit polyclonal, R1P1; 1: 500 dilution, overnight incubation) or anti PATZ1 and anti-OCT-3/4 (mouse monoclonal, sc-5279 Santa Cruz Biotechnology; 1:100 dilution, 90 minutes incubation) in 1% BSA in PBS-T in a humified chamber overnight at 4°C. Fluorescent secondary antibodies, raised against different species (Alexa Fluor 594, with red signal, against rabbit and Alexa Fluor 488, with green signal, against mouse), were used to locate the antigen/primary antibody complexes. Counter staining was made with Hoechst 33258 (nuclear blue staining) present in mounting medium (PBS:Glycerol = 1:1). Experiments were carried out on an inverted and motorized microscope (Axio Observer Z.1) equipped with a 63x/1.4 Plan-Apochromat objective. The attached laser scanning unit (LSM 700 4x pigtailed laser 405-639, Zeiss, Jena, Germany) enabled confocal imaging. For excitation, 405 nm, 488 nm and 555 nm lasers were used. Fluorescence emission was revealed by MBS 405/488/555/639 for Hoechst 33258, Alexa Fluor 488 and Alexa Fluor 594. Triple staining immunoflourescence images were acquired separately in the blue, green and red channels at a resolution of 1024x1024 pixels, with the confocal pinhole set to one Airy unit and then saved in TIFF format.
To assess the stemness of GSCs, NANOG (rabbit polyclonal, ab80892 Abcam; 1:200 dilution), SOX-2 (mouse polyclonal, AB5603 Millipore; 1:500 dilution), OCT-4 (rabbit polyclonal, sc-5279 Santa Cruz; 1:250 dilution) and NESTIN (mouse monoclonal, 92590 Chemicon; 1:100 dilution) expression was evaluated. PATZ1 (rabbit polyclonal, R1P1, 1:500 dilution) expression was analyzed as well. Briefly, cells were fixed in 4% paraformaldehyde for 20 minutes at room temperature (RT) and permeabilized for 10 minutes at RT with 0.1% Triton X-100 (Sigma-Aldrich) before exposing them to primary antibodies, that were incubated over-night at 4°C. Subsequently, Alexa Fluor 488 and Alexa Fluor 555 dyes labeled secondary antibodies against mouse and rabbit, respectively, diluted 1:800 in PBS, were employed for 1 hour in a humidified chamber at 37°C (Molecular Probe, Invitrogen). Lastly, slides were mounted using Vectashield (Vector), as mounting medium, added with 0.1 μg/ml DAPI (Sigma) for nuclear staining. Images were acquired utilizing a live cell imaging dedicated system consisting of a Leica DMI 6000B microscope connected to a Leica DFC350FX camera (Leica Microsystems, Wetzlar, Germany) and equipped with a 63X/1.4 oil immersion objective or a 40X/1.25 oil immersion objective. Adobe Photoshop software was utilized to compose and overlay the images and to adjust contrast.
Cell cultures and transfection
The independent ethic committee of the Azienda Ospedaliero-Universitaria of Udine has approved the research (Consents 102/2011/Sper and 196/2014/Em). Informed written consents were obtained from patients and all clinical investigations have been conducted according to the principles expressed in the Declaration of Helsinki.
GSCs (n=11) were isolated as previously described [44, 45] . Briefly, human GBM samples were mechanicallyenzymatically dissociated and cells less than 40μm in diameter cultured on laminin-coated dishes in a growing medium composed as follows: Neurobasal-A medium (Gibco by Invitrogen, Carlsbad, CA), 2mM L-glutamine (Sigma-Aldrich, St. Louis, MO,), 1X N2 supplement (Gibco by Invitrogen), 25mg/ml Insulin, Penicillinstreptomycin, 100mg/ml human apo-trasferrin (SigmaAldrich), 1X B-27 supplement (Gibco by Invitrogen), 20 ng/ml recombinant human basic fibroblast growth factor (h-FGF-basic) (Peprotech, Rocky Hill, NJ), 20 ng/ ml human epidermal growth factor (h-EGF) (Peprotech). Then cells were cultured in an incubator at 37°C, 5%O2/5%CO2 and analyzed at the third passage in culture. From six GBM samples we isolated, in addition to GSCs, the matched non-stem tumor cells by growing dissociated cells in DMEM (Gibco by Invitrogen) supplemented with 10% fetal bovine serum (FBS) (EuroClone, Pero, Italy) and 100 U/ml Penicillin 100 μg/ml Streptomycin. Cells were grown in an incubator at 37°C, 5%O2/5% CO2 and analyzed at the first passage in culture.
Human GBM U87MG (American Type Culture Collection, ATCC no. HTB-14), were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS. To obtain tumorspheres, U87MG cells were grown at low density (2000 cells/ml) in Stem cell medium (SM) [DMEM-F12 supplemented with 1% B27 (Sigma-Aldrich), 10 ng/ml h-FGF (Sigma-Aldrich) and 20 ng/ml h-EGF (Sigma-Aldrich)] for 12 days. U87MG tumorspheres were induced to differentiate through the addiction of 10% FBS in SM medium. The cancer stem cell phenotype of these cells was confirmed by assessing the expression of the stemness markers PDGFRß, NANOG and SOX-2.
VS-GB primary cell culture was derived from GBM specimens and grown as described previously [46] . They were transiently transfected by JetPRIME (Polyplus transfections, Illkirch, France) with 10 μg of HA-PATZ1 plasmid encoding for PATZ1 variant 4 or 10 μg of the empty vector pCEFL-HA as negative control, according to manufacturer's instruction.
RNA extraction and quantitative real time (qRT)-PCR
Total RNA from cells was purified by TRIzol (Invitrogen). After digestion of the residual genomic DNA by DNase I (Qiagen, Milano, Italy), RNA was reverse transcribed by SuperScript III cDNA synthesis kit (Invitrogen). cDNA was used to perform qPCR reactions with SYBR Green Master Mix gene expression kit (Biorad, Segrate, Italy) in 96-well plates with a LightCycler 480 system (Roche, Monza, Italy). The PCR conditions were as follow: 95°C for 3 minutes; 45 cycles at 95°C for 10 seconds, 60°C for 20 seconds and 72°C for 60 seconds. Primer pairs used (300 nm each) were as follows: PATZ1 (5'-TACATCTGCCAGAGCTGTGG-3'/5'-TGCACCTGCTTGATATGTCC-3'); GAPDH (5'-GTCTCCTCTGACTTCAACAGCG-3'/5'-ACCACCCTG TTGCTGTAGCCAA-3'). CXCR4 (5'-TGAGAAG CATGACGGACAAG-3′/5'-AGGGAAGCGTGATGAC AAAG-3′); β-ACTIN (5'-CAAGAGATGGCCAC GGCTGCT-3'/5'-TCCTTCTGCATCCTGTCGGCA-3'). Gene expression changes were calculated using the 2(-Delta Delta C(T)) method [47] .
Protein extraction and western blot analysis
Cells were lysed in buffer containing 1% Nonidet P-40, 1 mmol/liter EDTA, 50 mmol/liter Tris-HCl (pH 7.5), and 150 mmol/liter NaCl supplemented with Complete protease inhibitors (Roche). Total proteins were resolved in a 10-12% polyacrylamide gel under denaturing conditions and transferred to nitrocellulose filters for Western blot analyses. Membranes were blocked with 5% BSA in TBS and incubated with the primary antibodies. Membranes were then incubated with the horseradish peroxidase-conjugated secondary antibody (1:3.000) and the reaction was detected with a Western blotting detection system (enhanced chemiluminescence; GE Healthcare). The primary antibodies used were: anti-PATZ1 [22] ; anti-NESTIN (sc-23927, Santa Cruz Biotechnology, Santa Cruz, CA); anti-PDGFRβ (3169, Cell Signaling Technology, Boston, MA); anti-NANOG (sc-134218, Santa Cruz Biotechnology); anti-SOX2 (sc-20088, Santa Cruz Biotechnology); anti-CXCR4 (C8727, Sigma-Aldrich). To ascertain that equal amounts of protein were loaded, the membranes were incubated with anti-ACTIN (sc-1616-R, Santa Cruz Biotechnology) or anti-VINCULIN (sc-7649, Santa Cruz Biotechnology) antibodies.
Data mining
For PATZ1 mRNA expression analysis and correlation with clinical, molecular and cell phenotype, the Genomics Analysis and Visualization platform (http://r2.amc.nl) was used with the following datasets: 1) GSE9385 [25] , including 6 adult non diseased brain, 26 glioblastomas and 21 oligodendrogliomas,; 2) GSE8049 [26] , including 9 different glioblastoma-derived neurosphere cultures in two biological replicates; 3) GSE15209 [28] , including stem cells derived from 7 GBMs, 2 oligoastrocytomas, 5 normal fetuses and primary biopsies from 6 normal brains; 4) GSE18015 [29] , including 8 gliomas sorted for CD133 expression; 5) the TCGA dataset Tumor Glioblastoma -540 -MAS5.0 -u133a (n = 540) (http://cancergenome.nih. gov), including 85 samples sub-classified in classical (n = 17), mesenchymal (n = 27), neural (n = 17) and proneural (n = 24) GBM [7] , to correlate PATZ1 expression to GBM subtype and specific gene signatures. The last dataset was also used for Overall and Progression-free survival analysis using the scan cut-off mode based on median PATZ1 expression and specifying the proneural track subset.
Statistical analysis and Kaplan-Meier survival curves
The Fisher's exact test was used to evaluate the correlations between PATZ1 score and the clinical variables (age, gender, site, oligodendroglioma grading).
All correlations within the TCGA and other public datasets were assessed by Pearson's χ 2 test or one-way analysis of variance (ANOVA), through the R2 platform (http://r2.amc.nl).
Kaplan-Meier survival curves were used to analyze OS and PFS, and statistical significance was assessed by the log-rank test. In Figure 6A , the stratification of High/Low PATZ1 was based on the percentage of cells expressing nuclear PATZ1 protein by immunohistochemistry (High: > 10%; Low: < 10%). The stratification of High/Low PATZ1 and High/Low CXCR4 in the TCGA dataset was based on RNA expression using a cutoff of 100.6 and 197.7, according to the scan function of the R2 platform used, where an optimum survival cutoff is established based on statistical testing (log-rank test).
PATZ1 expression on human derived stem cells was expressed as mean ± standard deviation. Comparisons between two groups were performed by paired or unpaired t test, as appropriate.
All statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software, La Jolla, CA). A probability (p) value less than 0.05 was considered statistically significant.
